Observations of Ceres, the largest object in the asteroid belt, have suggested that the dwarf planet is a geologically differentiated body with a silicate core and an ice-rich mantle. Data acquired by the Dawn spacecraft were used to perform a threedimensional characterization of the surface to determine if the geomorphology of Ceres is consistent with the models of an icy interior.
INTRODUCTION:
Observations of Ceres, the largest object in the asteroid belt, have suggested that the dwarf planet is a geologically differentiated body with a silicate core and an ice-rich mantle. Data acquired by the Dawn spacecraft were used to perform a threedimensional characterization of the surface to determine if the geomorphology of Ceres is consistent with the models of an icy interior.
RATIONALE: Instruments on Dawn have collected data at a variety of resolutions, including both clear-filter and color images. Digital terrain models have been derived from stereo images. A preliminary 1:10 M scale geologic map of Ceres was constructed using images obtained during the Approach and Survey orbital phases of the mission. We used the map, along with higher-resolution imagery, to assess the geology of Ceres at the global scale, to identify geomorphic and structural features, and to determine the geologic processes that have affected Ceres globally.
RESULTS: Impact craters are the most prevalent geomorphic feature on Ceres, and several of the craters have fractured floors. Geomorphic analysis of the fracture patterns shows that they are similar to lunar Floor-Fractured Craters (FFCs), and an analysis of the depth-to-diameter ratios shows that they are anomalously shallow compared with average Ceres craters. Both of these factors are consistent with FFC floors being uplifted due to an intrusion of cryomagma.
Kilometer-scale linear structures cross much of Ceres. Some of these structures are oriented radially to large craters and most likely formed due to impact processes. However, a set of linear structures present only on a topographically high region do not have any obvious relationship to impact craters. Geomorphic analysis suggests that they represent subsurface faults and might have formed due to crustal uplift by cryomagmatic intrusion.
Domes identified across the Ceres surface present a wide range of sizes (<10 km to >100 km), basal shapes, and profiles. Whether a single formation mechanism is responsible for their formation is still an open question. Cryovolcanic extrusion is one plausible process for the larger domes, although most small mounds (<10-km diameter) are more likely to be impact debris.
Differences in lobate flow morphology suggest that multiple emplacement processes have operated on Ceres, where three types of flows have been identified. Type 1 flows are morphologically similar to icecored flows on Earth and Mars. Type 2 flows are comparable to long-runout landslides. Type 3 flows morphologically resemble the fluidized ejecta blankets of rampart craters, which are hypothesized to form by impact into ice-rich ground.
CONCLUSION:
The global trend of lobate flows suggests that differences in their geomorphology could be explained by variations in ice content and temperature at the near surface. Geomorphic and topographic analyses of the FFCs suggest that cryomagmatism is active on Ceres, whereas the large domes are possibly formed by extrusions of cryolava. Although spectroscopic analysis to date has identified water ice in only one location on Ceres, the identification of these potentially ice-related features suggests that there may be more ice within localized regions of Ceres' crust. (3) . Clear filter and color images, together with digital terrain models derived from stereo images, have enabled a three-dimensional characterization of the surface, which we have used to determine whether the geomorphology of Ceres is consistent with models of the dwarf planet having an icy interior (3).
Geologic mapping
As was done at Vesta (4), a geological mapping campaign was conducted at Ceres. A preliminary geologic map at a scale of 1:10 M was constructed using images obtained during the Approach and Survey orbital phases (Fig. 1) . Surface features have been organized into discrete map units that are defined and characterized based on physical attributes such as albedo, morphology, structure, color, and topography. These units were then related to the putative geologic processes that produced them, such as volcanism, tectonism, impact cratering, and/or deposition.
Stereophotogrammetric analysis of Ceres was used in the geologic mapping, and it showed that there is~15 km of relief ( Fig. 2A) , referenced to the mean radius, considerably less than the~41 km of total relief that was observed on Vesta (5). Although analysis of the topography suggested that there is no obvious elevation that discriminates between highlands and lowlands, one discrete topographically high region centered at 15°N, 230°E (3) was identified and named Hanami Planum ( Fig. 2A, white dashed circle) .
We used the map to assess the geology of Ceres at the global scale, to identify geomorphic and structural features, and to determine the geologic processes that have affected Ceres globally. Geomorphic features identified on Ceres include impact craters, linear structures, domical features, and lobate flows.
Impact craters
Impact craters are the most prevalent geomorphic feature on Ceres (6) , and resurfacing appears to be primarily driven by impact (6) . Regions of low crater density are strongly associated with major craters, such as Urvara, Yalode, and Kerwan (6) (Fig. 1) . Before Dawn's arrival, it was expected that most craters on Ceres would be relaxed (7), but instead there is a large inventory of craters with sharp walls and deep floors (6) .
To study the dynamic range of the topography of Ceres, we created a hypsogram, which displays the elevation of Ceres plotted against the percentage of surface area at that elevation (Fig. 2) . Previously published hypsograms for the rocky planets (Mercury, Venus, Earth, and Mars) have a positive skew because mountainous terrain and in-filled depressions lead to a long tail of positive topography (Fig. 2C) . However, the hypsogram of Ceres topography shows a unimodal distribution that skews slightly (-0.17) toward the negative (Fig.  2B ). This is similar to the hypsogram for the icy moon Titan, which is also slightly negatively skewed. On Titan, this negative skew was determined to represent a significant population of unfilled depressions (8) . It is likely that the unexpectedly large inventory of nonrelaxed craters on Ceres similarly skews its hypsogram toward a slightly longer tail of negative topography (Fig. 2B) .
Occator crater
A number of small anomalously bright features were observed during the Approach to Ceres. The brightest of these occur in the center and northeastern floor of Occator, a 92-km-diameter crater centered at 19.9°N, 239.1°E, (Fig. 3) . The Occator bright spots coincide with one of two longitudes where observations by the Herschel space telescope suggested water vapor emission from Ceres (9).
Occator's crater rim is scalloped, with multiple straight segments and several 90°bends, and its walls are terraced (Fig. 3A) . The crater has~4 km of relief from floor to rim (Fig. 3B) . A smooth to knobby floor material embays the terraced wall material but is overlain by lobate flows whose margins suggest that they emanate from the center of the crater (Fig. 3C) . Many of the bright-spot materials in Occator overlie the lobate flows and are strongly associated with fractures on its floor (Fig. 3 , A to C). However, the largest bright spot is associated with a 9-km-wide,~1-km-deep central pit (6, 10) that has a 2-km-wide,~400-m-high central dome on its floor (6) . Similar domes have been identified in large (>60-km diameter) central pit craters on Ganymede and Callisto (11); it has been hypothesized that these domes form due either to uplift of the surface during the impact event or to postimpact cryomagmatic intrusions in craters that impacted where target materials were ice-rich (11, 12) . The similarity of the morphology of the Occator pit and dome to those seen in impact craters on Ganymede and Callisto implies that similar mechanisms may be operating on these three bodies. Therefore, the association of the most prominent bright spot in Occator with the central structure suggests that either uplift or localized extrusion is involved in brightspot formation.
Floor-Fractured Craters
Several of the impact craters on Ceres have patterns of fractures on their floors (Figs. 3D and 4). These fractures appear similar to those found within a class of lunar craters referred to as FloorFractured Craters (FFCs) (13) . Lunar FFCs are characterized by crater floors cut by radial, concentric, and/or polygonal fractures (13) . The depth versus diameter (d/D) relationship of the FFCs is distinctly shallower than the same association for other lunar craters (14) . FFCs have been classified into crater classes, Types 1 to 6, based on their morphometric properties (13) (14) (15) . Models for FFC formation have invoked both floor uplift due to magmatic intrusion beneath the crater (13) (14) (15) viscous relaxation [e.g., (16) ] to explain their anomalously shallow floors.
FFCs have also been identified on Mars (17) . Martian FFCs exhibit morphological characteristics similar to the lunar FFCs, but many of their rims have been highly dissected. Analyses suggest that the martian FFCs also formed due to volcanic activity but that the final morphologies were heavily influenced by interactions with groundwater and/or ice (17) .
As on the Moon, the style of fracturing within Ceres FFCs can vary from crater to crater. We have cataloged the Ceres FFCs according to the classification scheme designed by (13) and used by (14, 15) . Occator crater has several sets of fractures on its floor, including circumferential fractures encircling the central pit, linear fractures crossing its floor, and circumferential fractures close to the crater wall (Fig. 3D) . Dantu crater (126-km diameter) similarly has both circumferential and radial fractures on its floor (Fig. 4A) , whereas Azacca crater (49.9-km diameter) has only linear fractures (Fig. 4B) . These large (>50 km) craters are most consistent with Type 1 lunar FFCs, which are described as generally large craters with deep floors, central peak complexes, extensive wall terraces, and radial and/or concentric fractures (13); they were found to be most consistent with formation by magmatic intrusion (15, 16) .
Other craters on Ceres are more consistent with Type 4 FFCs (13). These lunar craters are defined by the presence of a V-shaped moat separating the wall scarp from the crater interior. However, there are three subclasses (4a, 4b, and 4c) that differ in the depth of the moat, whether there is an inner ridge associated with the moat, and how pronounced the floor fractures are (15) . Viscous relaxation models were unable to produce moats of any shape in the crater interiors (e.g., 16, 18), but in magmatic intrusion models, a V-shaped moat marks the extent of the subsurface intrusion (15) . Lociyo crater is representative of a Ceres Type 4b crater. It has a hummocky interior, with subdued grooves instead of sharp fractures (Fig. 4C) , and its topographic profile shows Vshaped moats and interior ridges (Fig. 4E ).
An analysis of the d/D ratio of the Ceres FFCs shows that they are anomalously shallow compared with average Ceres craters (Fig. 4D) . The shallow d/D of Ceres FFCs is similar to that observed for the lunar FFCs (15) and suggests that these craters may also be experiencing an intrusion of a low-density material from below the craters that has uplifted their floors. Although on the Moon and Mars the intrusive material is hypothesized to be silicate magma, this is unlikely for Ceres. However, a cryovolcanic extrusive edifice has been identified on Ceres (19) , suggesting that cryomagmatic intrusions could be responsible for the formation of the Ceres FFCs.
Polygonal craters
Polygonal craters, a type of crater whose rims are composed of at least two straight segments, are widespread on Ceres (Fig. 5) . These angular craters are commonly found on asteroids, such as Mathilde (20) , Eros (21), and Lutetia (22), and have also been identified on icy moons such as Iapetus (23) and Dione (24) . Polygonal craters have been hypothesized to form when preexisting subsurface fracturing affects crater formation (20) , causing crater rims to form parallel to preexisting planes of weakness (25, 26) . crust is extensively fractured, which in turn suggests that the near-surface crust must be both brittle enough to fracture and strong enough to retain fractures for long periods of time (3).
Linear structures
Kilometer-scale linear structures-including grooves, pit crater chains, fractures, and troughs-cross much of Ceres (Figs. 1 and 6) . Some of these structures appear to be radial to the large craters Urvara and Yalode (Fig. 6A) and most likely formed due to impact processes. However, a set of regional linear structures named the Samhain Catenae do not have any obvious relationship to impact craters, and a geomorphic analysis suggests that they represent subsurface faults.
The majority of the Samhain Catenae are made up of linear assemblages of small depressions, although there are also some grooves and one large trough identified as belonging to this group of structures. The lack of raised rims on the merged pits of the Samhain Catenae (Fig. 6B ) makes it unlikely that these are secondary crater chains (27) . Instead, the morphology of the Samhain Catenae more closely resembles that of pit crater chains, a type of feature identified on many planetary bodies, including Earth, Mars, Enceladus, Eros, and Vesta (28) . There is a strong correlation between pit crater chains and fault-bounded graben on Mars (29), and they have been hypothesized to represent buried normal faults on a number of small bodies (28) . The theory suggests that sudden widening (dilation) at steep sections SCIENCE sciencemag.org of the buried fault causes overlying material to collapse into the openings along its length (29). The individual pits can then merge together to form merged pits, and eventually grooves, as the feature matures (29) . This maturation of pit crater chains is a probable cause for the occasional groove and merged pits found among the Samhain Catenae (Fig. 6B) .
Polygonal craters in close proximity to the Samhain Catenae have straight crater rims aligned with the grooves and troughs (Fig. 5) . This alignment supports our inference that the Samhain Catenae are in fact fracture systems, not ejecta scour or secondary craters. The orientation of the Samhain Catenae relative to each other is suggestive of en echelon fractures; many of the longer Samhain Catenae are made up of smaller structures that have joined together via S-shaped linkages (Fig. 6B) . A cross section of one Samhain Catena structure is displayed in the wall of Occator crater, at the locations where the crater rim suddenly bends 90°in both the western and eastern walls of the crater (Figs. 3A and 6C ). Profile views of the Occator wall at these locations suggest that (i) the structure dips~60°and (ii) there is downward motion on the hanging wall, strongly implying normal faulting. Many of the Samhain Catenae are crosscut by the linear features radial to Urvara and Yalode (Fig. 6A) , indicating that they are older than fractures formed during those impact events.
By mapping the Samhain Catenae directly onto the Ceres shape model and modeling them as planes that cut through the dwarf planet, we were able to determine an approximate strike and dip for the underlying faults by plotting the pole directions of the modeled planes on a lowerhemisphere graph (a stereonet) (Fig. 6D) . Clustering of the pole directions (Fig. 6D) Samhain Catenae represent similarly oriented planes and implies a common formation mechanism of the corresponding structures. In similar analyses of linear structures on Vesta (5) and Eros (30) , the coordinates of the pole cluster correlated to an impact crater, which was then theorized to have produced the impact stresses that caused the faults to form. However, the poles of the Samhain Catenae do not correspond to any visible impact crater on Ceres, making it unlikely that they formed due to impact stresses.
The extent of the Samhain Catenae is constrained to Hanami Planum (Figs. 1 and 2) . This roughly circular, topographically high region, 555 km in diameter, is also the location of many of the currently identified FFCs (Fig. 4, red dots) . If we accept that the FFCs have fractured floors due to cryomagmatic intrusion beneath their floors, as is thought for the Moon (13-15), then it seems reasonable to hypothesize that the highstanding regions that they are predominantly found upon may be elevated due to intrusion of a lower-density material. The uplift of the crust due to this putative intrusion could possibly be responsible for the formation of the Samhain Catenae.
Patterns of smaller-scale linear structures have been identified on the topographic high regions near the Samhain Catenae (Fig. 6E) , which are consistent with models of asymmetrical domal uplift (31) . This system shows apparent broad outer arc extension, with at least two central peaks (Fig. 6E, black arrows) . Away from these peaks, the fracturing transitions to radial fault patterns, which geological models have shown can occur due to the change in stress orientation that occurs at the edge of a dome (31) .
Similar structures form on the surface of salt domes on Earth (31). Terrestrial salt domes form when layers of evaporite minerals are buried under a denser overburden material; salts are buoyant under these conditions and can intrude into the overlying rock strata (32) . Differential loading of the overburden material is a driving force in terrestrial salt tectonics, but thick layers of either the cover material or the salt itself are not necessarily required (33) . Instead, salt flow can occur where there is a laterally varying (32), or even a thin (33), overburden thickness. The growth of the salt diapirs then creates pressure on the surface materials, deforming the overlying material. Where the salt extrudes onto the surface, lobate flows can form.
Salt tectonics is at least theoretically possible on Ceres. Layers of salt have long been hypothesized to exist deep within the so-called ocean worlds (34) (35) (36) (37) , which include Ceres (34). Compositional upwelling similar to terrestrial salt dome formation has even been hypothesized to occur (35). The interior of Ceres has been determined to contain a silicate core, a water-rich mantle, and a mechanically strong crust (3) . The main components of the crust were determined to be rock, ice, and salt hydrates (3), including carbonates (38) , ammoniated phyllosilicates (38, 39) , and a dark material that is thought to be magnetite (38) . Although these crustal materials are not particularly dense, the putative subsurface salts would have even lower densities (28) , and so salt diapirism could potentially occur. The structure patterns identified on the surface of Ceres (Fig. 6E) , while not exclusively indicative of salt upwelling, are certainly suggestive of it.
Domes and mounds
Domical features on Ceres fall into two broad classes: large domes that are 10s to 100s of kilometers in diameter, with heights 1 to 5 km, and small mounds <10 km in diameter exhibiting subkilometer relief (Fig. 7) . However, whether or not a single formation mechanism is responsible for their formation is still an open question. The 28 large domes identified in HAMO images are circular to ovoid in plan form, are 30 to 100 km in diameter, and typically exhibit 2 to 5 km of relief (Fig. 7B) . They are commonly, but not exclusively, located in large impact basins. Detailed geomorphic analysis and physical modeling of the 4-kmhigh Ahuna Mons suggest that this large dome is most likely a cryovolcanic edifice formed by the extrusion of a viscous water-ice-silicate mixture (19) . The other large domical features (Fig. 7A , red outlines) are suggested to also be cryovolcanic in nature, although perhaps of a different age and/ or rheology (19) .
Of the~200 small mounds identified (Fig. 7A , yellow dots), many are located preferentially in smooth regions associated with impact materials. These mounds are thus most likely impact debris, or possibly preexisting topography embayed or draped by smooth material, analogous to mounds observed in lunar-impact melt sheets. Early analysis of these features was motivated by the expectation that localized cryovolcanic activity or frostheave phenomena might occur in crater interiors soon after impact if Ceres' shallow subsurface were ice-rich. So far there is little morphological evidence that these features are genetically related to ice, although there are individual small mounds (e.g., Fig. 7C ) for which an ice-rich origin cannot be ruled out.
Lobate flows
A range of mass-wasting flows are observed across the surface of Ceres, and differences in their morphology suggest that multiple emplacement processes might be operative. These features, which are always associated, either internally or externally, with the rims of impact craters, are broadly divided into three types, based on their morphology. Type 1 flows (Fig. 8A) are lobate, have notably steep frontal toes, and are usually >100 m thick at their termini. They are as wide as their source, possessing nested sets of parallel linear furrows 10s of meters deep along the direction of downslope motion and steep-fronted toes with distal ramparts. These lobate flows occur in high-latitude craters and morphologically are similar to icecored and ice-cemented flows on Earth (40, 41) and Mars (42) . Type 1 flows are found typically above 50°latitude (Fig. 8D) .
Type 2 flows (Fig. 8B) have long, fan-shaped thin flows that originate at a crater wall. Thinner than Type 1 flows (generally between 10 and 100 m thick at their termini), they traverse generally longer distances despite their shallow slopes. They range from relatively narrow to broad, having conical to lobate shapes, but are always composed of platy sheets with rounded tapered toes. Morphologically, these flows are similar to long-runout landslides found on icy satellites such as Iapetus (43) . Type 2 flows are found across Ceres but mainly at mid to high latitudes (Fig. 8D) .
In Type 3 flows (Fig. 8C) , broad sheets of smooth material, which are thinner than Type 1 flows at 10 to 100 m thick at their termini, extend outward from crater rims, terminating in layered sets of lobes or cusps. Their acute triangular lobes, absence of deep furrows, and textures-relatively smooth surfaces interspersed with hummocky regions-are similar to the morphology of fluidized ejecta blankets of rampart craters on Mars [e.g., (44, 45) ] and Ganymede (46) , features that are commonly thought to form by impact into ice-rich ground. Type 3 flows are found in low to mid latitudes (Fig. 8D ) and are wider than Type 2 flows.
Discussion and conclusions
The lack of a large inventory of relaxed craters on Ceres suggests that its crust is too strong to be dominated by ice (3, 6, 7) . Similarly, the presence of ancient surface fractures, and extensive subsurface fracturing (as demonstrated by the widespread distribution of polygonal craters), is more consistent with a mechanically strong crust, not an ice-dominated crust (3). These observations are consistent with spectroscopic analyses that have currently identified surface water ice at only one location on Ceres (47) . However, studies have shown that a crust strong enough for both negligible crater relaxation and the preservation of linear structures could be provided by a mixture of ice, rock, and/or salt hydrates (48) .
The identification of potentially ice-related geomorphic features suggests that there may be some ice in localized regions in the crust on Ceres. Global mapping of the lobate flows shows that there is a latitudinal trend in the distribution of the observed type morphologies (Fig. 8D) . This, along with their morphologic similarity to features that form on other planetary bodies by varying ice-related processes, suggests that the differences in lobate flow morphology might be explained by variations in ice content and temperature in the near surface.
Likewise, there is geomorphic evidence that the interior of Ceres is ice-rich, as models (3) have suggested. Geomorphic and topographic analyses of the FFCs suggest that cryomagmatism has been active on Ceres. The central dome on the floor of Occator crater also indicates that cryomagmatism may have occurred. In addition, Ahuna Mons and the other large domes appear to be cryovolcanic in nature (19) .
In conclusion, although the observed geomorphic features are not consistent with an icedominated crust, they are consistent with Ceres having an ice-rich upper mantle and a crust that is composed of a rock-ice mixture.
